JHEC, 0000-0001-7392-0957
Biology uses dynamical mechanisms of selforganization and self-assembly of materials, but it also choreographs and directs these processes. The difference between abiotic self-assembly and a biological process is rather like the difference between setting up and running an experiment to make a material remotely compared with doing it in one's own laboratory: with a remote experiment-say on the International Space Station-everything must be set up beforehand to let the experiment run 'hands off', but in the laboratory one can intervene at any point in a 'hands-on' approach. It is clear that the latter process, of directed self-assembly, can allow much more complicated experiments and produce far more complex structures than self-assembly alone. This control over self-assembly in biology is exercised at certain key waypoints along a trajectory and the process may be quantified in terms of the genomic assembly complexity of a biomaterial.
DNA is biological information. But how much information is required to build biological structure? What is the information flow from the genes to the materials being constructed? The complete genomes of more and more organisms have been and are being sequenced. We now know that, for example, we humans have around 23 000 genes [1] . The number seems surprisingly modest; does one really need just 23 000 instructions to build Homo sapiens from scratch? I suggest that part of the solution to this puzzle lies in the extent to which biology makes use of physical and chemical processes of self-organization and self-assembly.
The amount of information necessary to specify a system of course depends on the level of description. This is true of any system: can we specify simply 1 litre of water, or should we specify what a water molecule is, or what hydrogen and oxygen atoms are, or what electrons and nucleons are, or . . . ? Likewise, we can specify where each water molecule might be, or not, and so on. However, the information contained within a genome is of a more specific nature: the genome tells an organism how to build another organism. The genome thus takes for granted the presence of the requisite raw materials, and, like a cookery recipe, assumes that they are to hand. This is the importance of the environment: the dynamics is a function of both the current state and of the history. To put it another way, the (epigenetic) effect of genetic information depends on context.
Biomaterials-the materials constructed by living organisms-display this information flow in terms of the formation of biological structure. Thus, we can look to biomaterials to see how much biological information is required to build a structure, versus how much of a structure might be self-organized and self-assembled without the need for further instructions. A deal of research has been carried out within the fields of complex systems and nonlinear dynamics on how systems may self-organize and materials may self-assemble. Different physical mechanisms have been and are still being identified, and the mathematical bases of self-organization and self-assembly are being actively investigated. For our present purposes, what is of most interest is that more and more instances of such mechanisms of self-organization and self-assembly are being identified in biological materials.
Let us look at a specific example. One of the most-studied biomaterials, and one that mankind has been trying for many years to fabricate artificially without, as yet, success, is nacre [2] . Nacre, also known as mother of pearl, is one of the materials produced by molluscs; it forms the iridescent inner layer of many molluscan shells, as well as being the material from which the majority of pearls are comprised. Pearls originate from the same molluscan species that use this biomaterial to make their shells, but in the case of a pearl, the material grows separately from the shell around some sort of nucleus within the soft body of the animal. Nacre has a complex, so-called brick-wall structure, in which layers formed of bricks of calcium carbonate and a tiny amount of protein are cemented together with a mortar composed of a polysaccharide, chitin, plus proteins. As well as being beautiful, nacre is very strong; its adaptive role in biology is as part of the armour that is the exoskeleton or shell of a mollusc. Although nacre is over 95% calcium carbonate-a rather soft mineral-the small amount of added material in nacre (less than 5% proteins and polysaccharide) increases its strength by some 3000 times [3] . This is the principal reason for the interest of materials science in nacre.
One of the molluscan species within which cultured pearls are made by deliberately introducing nuclei into the organism around which a cultured pearl forms, is the pearl oyster Pinctada; Pinctada fucata has now had its genome sequenced [4] . The portion of the genome dealing with the formation of nacre has been referred to as the conchome [5] ; the conchome is made up of the genes for nacre referred to in the title. 1 As yet, we do not know the size of the conchome; how many genes it contains. What we do know about nacre, however, is that the fabrication of this complex material makes use of various physical mechanisms of self-assembly. The first is liquid crystallization [2, 6] . A liquid crystal is a mesophase between the liquid phase and the solid. In nacre, small rod-shaped crystallites within a liquid self-organize once their concentration is high enough, owing to their mutual interactions. The result of this self-organization is a self-assembled structure, a liquid crystal, in which the rods form into layers.
In nacre, this construction is at once self-organizing and tightly controlled, because at the same time that this self-organization is occurring, the boundaries of the system are being tightly controlled by the organism; by genetics. By restricting the domain, only one layer of liquid crystal is able to form at a time, and so, unlike in current technological uses of liquid crystals, this liquid crystal grows layer by layer, like most solid crystals. A liquid crystal is, as its name implies, a liquid, and following the deposition of each layer of liquid crystal, it is solidified by the addition of further material, proteins and later mineral, to produce what becomes nacre. Thus, the mollusc builds a brick wall in a manner that would seem most peculiar to a human bricklayer, by first forming layers of mortar, and then growing bricks within the layers of mortar that fill up the spaces between them. It is important to note that the nacre is an extracellular material. That is to say, the cells of the organism are not directly involved in its fabrication in the same way that they are when material is constructed within a cell. Whereas within the cell there are many and complex mechanisms for transporting material, the case of extracellular construction is necessarily one of self-assembly. The cells secrete material, which must then self-organize in the extracellular medium: it is as if a brick wall were to be built by throwing lime, clay and water across a room, upon which it would arrange itself into layers of mortar within which bricks would spontaneously grow.
Thus, nacre formation is a marvellous instance of directed self-assembly, in which a biological system constrains how self-assembly may proceed, in a similar way to how a choreographer directs a dance, yet it is the dancers who decide each individual step. Alan Mackay's insight into the difference between a self-assembled structure and one whose self-assembly is directed is prescient: 'Taking a mineral comparable in complexity to a protein molecule we might ask, where are the genes in paulingite? We will anticipate the answer and reply that there are no genes, the information is distributed and is not localised. The rules of assembly of the whole emerge from the local rules, which in turn emerge from the energy levels of the individual atoms' [7] .
Given a structure, we might ask: what is the shortest algorithm that will describe the observed complexity? The assembly complexity of a structure is given by the simplest physical algorithm capable of producing it [5] . In other words, the same algorithm that builds a structure provides us with its assembly complexity:
where a is the assembly algorithm and d(a) its description. The difference between self-assembly and directed self-assembly is rather like setting up and running an experiment remotely, say, on the International Space Station, versus 'hands on' in the laboratory: either one just sets everything up beforehand and lets the experiment run 'hands off', or else one intervenes at various points in a 'hands-on' approach. There is a link between directed self-assembly and the control of chaos in dynamical systems. In the latter, control is exercised at certain key points along a trajectory; take the example of a spacecraft that moves under gravity along a given trajectory, except at certain waypoints at which the spacecraft is controlled by firing thrusters to alter the course, that is to change to another trajectory, between which events it travels unguided. In the same way, we can conceive of a biological system moving along the same trajectory as an uncontrolled selfassembled system, except that at given points it is nudged from one trajectory to another. This is the essence of directed self-assembly.
Thus, one can imagine the reconstruction of a self-assembled structure, but what huge difficulties lie in the way of reconstructing an organism, once lost from this Earth.
The beauty and genius of a work of art may be re-conceived, though its first material expression be destroyed; a vanished harmony may yet again inspire the composer; but when the last individual of a race of living beings breathes no more, another heaven and another earth must pass before such a one can be again. [8, ch. 1] Competing interests. I declare I have no competing interests. Funding. This research was funded by project FIS2013-48444-C2-2-P of the Spanish Ministerio de Ciencia e
